ABSTRACT
ABSTRACT
The aim of the study involves investigating the soil-arching phenomenon between piles by adopting two dif-23 ferent numerical methods. The first method is the discrete element method that allows analysis of the phe-24 nomena at the microscopic level in which soil is represented by an assembly of particles of various shapes that 25 interact with friction at contact points. The method naturally captures the mechanical behavior of frictional 26 materials. The second method is the finite difference method that examines the problem at the macroscopic 27 level. Specifically, soils are considered homogeneous materials from the macroscopic viewpoint. In the con-28 tinuum approach, an appropriate constitute model that considers the shear resistance degradation is used to 29 capture the evolution of frictional materials as obtained by using the discrete approach. The numerical micro-30 parameters and macro-parameters for the two numerical models are calibrated from triaxial test simulations. 31
A comparison between these two approaches for the case of a soft soil improved by vertical piles is conducted. 32
The study highlights the limitations and advantages of each method with respect to the soil-arching investiga-33 In order to increase the efficiency of this technique, a granular layer made of a material with high shear re-42 sistance properties is laid out over the network of piles. The soil-arching mechanism in the embankment layer 43 plays a crucial role in the effectiveness of the system (Hewlett and Randolph 1988, Jenck et al. 2005 ). How-44 ever, the mechanism of soil arching is strongly affected by the height of the granular layer and is sophisticated 45 and reflected in various interpretations. 46
The first approach deals with the load transfer mechanism and is a frictional model introduced by Terzaghi 47 (1943) who defined soil arching as "the stress transfer from a yielding part to a stationary part". The stress 48 transfer is induced by the relative displacement between the two parts along the shear band. The disadvantages 49 of this model involve not adopting the real shear band as observed in the trapdoor laboratory test for the sake 50 of simplicity and the lack of accurately integrating the earth pressure coefficient value (ratio between the 51 horizontal and vertical stresses). 52 53 
54
The second approach corresponds to the fixed-arch models that were introduced by Carlsson (1987) and 55 adopted in the Scandinavian design guidelines (Rogbeck et al. 2005 ). The approach assumes that a fix-shapedarch is created over the compressible soil between two piles. The fix-shaped arch is friction-angle dependent. 57
However, the original models do not consider the role of the aforementioned mechanical properties of the 58 embankment. These disadvantages are overcome by several other modified models (Chevalier et al. 2010 ) that 59 consider the influence of the friction angle. 60
The last approach uses equilibrium models that consider soil arching as the rearrangement of stress distri-61 bution. Therefore, the approach assumes a stress arch in which the principal stresses are radial and tangential 62 with a maximum earth pressure coefficient based on the plastic theory. The pressure on the compressible soft 63 soil is calculated by considering the equilibrium condition. The aforementioned models are commonly used 64 in several European design guidelines although each country has different assumptions in terms of the princi-65 pal stress directions as well as the stress distribution in the compressible soft soils (Hewlett and Randolph 66
1988; Zaeske 2001; Van Eekelen et al. 2013). 67
The soil-arching phenomenon was also investigated by means of numerical methods. The implementation 68 of continuum techniques using macro parameters was implemented to explore the soil-arching mechanism 69 and include the finite difference method (FDM) (Jenck et al. 2007) The present study compares the continuum approach using the FDM applied to softening frictional soils and 82 the DEM using micro-parameters to simulate piled embankments. Three types of granular material assembly 83 densities are considered (low, medium, and dense). The macro-parameters of the discrete numerical material 84 are defined from the micro-parameters using triaxial test simulations. The investigation of the piled embank-85 ment reveals that the degradation of the shear strength can lead to reductions in the efficacy that should be 86 considered in the design phases. With respect to a thin embankment, the embankment is governed by a punch-87 ing failure mechanism that provides a solution to determine the maximum efficacy for the piled embankment. 88 
PILED EMBANKMENT NUMERICAL MODELS

92
The piled embankment system consists of piles, piles caps, an embankment layer, and soft soils. The em-93 bankment layer thickness ℎ is placed on a square mesh in which the distance between the two piles is 3 m 94 (s = 3 m). Each rectangular pile cap has a cross section of 0.6×0.6 m (a = 0.6 m). Four different embankment 95 heights were considered (ℎ = 0.75 m, 1.5 m, 2.25 m, and 3 m). The area ratio (= a 2 /s 2 ) is equal to 4%. Only 96 a quarter of the square symmetric box is simulated with a symmetric boundary condition as shown in Figure  97 2. The main goal of the study involves investigating soil arching in the embankment layers, and thus both soft 98 soil layer and rigid piles are considered to behave as elastic materials for the sake of simplicity. 
122
In the continuum model, the embankment layer is modeled with the cap yield model enhanced with friction 123 hardening and softening behavior. In order to consider the stress dependence modulus with depth, the Young's 124 modulus is initially generated as a function of the effective mean stress as follows:
Soft soil and Pile models 126
The discrete and the continuum models employed different approaches to model the soft soil layers and the 127 piles. In the continuum approach, the piles and soft soils were modeled by an elastic constitutive model with 128 an elasticity modulus (Edef) and Poisson's ratio ( ). In the discrete approach, the piles and soft soil layers were 129 modeled using elastic springs with sub-grade reaction moduli Kp and Ks, respectively. The sub-grade reaction 130 modulus is determined by the oedometric modulus (Eoed). Given the different types of models, the sub-grade 131 reaction modulus in the discrete model ( ) and elasticity modulus (Edef) in the continuum model are correlated 132 by using Poisson's ratio ( = 0.3) and the thickness of the soft soil layers (ℎ ) as follows: 133 = ℎ 
MICRO-AND MACRO-PARAMETERS CALIBRATION
139
To compare the two numerical models, it is necessary to calibrate the macro-parameters in the continuum 140 model to the micro-parameters in the discrete model. Given the complexity of calibrating the DEM model, the 141 discrete soil behavior is considered as a reference for the continuum modeling. The DEM numerical sets of 142 parameters that are retained allow the restoration of the behavior of loose (L), medium (M), and dense (D) 143 typical granular materials. In order to obtain similar behavior between the two numerical materials, triaxial 144 tests on different numerical samples (L, M, and D) are simulated by using micro-parameters for the DEM and 145 macro-parameters for the FDM. Different confining pressures (10 kPa, 20 kPa, and 30 kPa) are applied to 146 capture the stress dependency behavior of the elastic modulus.
Micromechanical parameters used in the DEM model 148
The behavior of a granular assembly depends on the granular skeleton shape and the type of constitutive laws 149 defined between particles. Each granular particle interacts with other particles by normal forces and tangential 150 forces at contact points. In the study, the normal forces (f n ) are expressed as follows:
where ℎ denotes the overlap of the two particles and kn is the normal contact stiffness. The tangential forces 152 (f t ) are determined by a linear law by using a tangential stiffness ( The initial porosity of the granular assembly and shape of the particles play a crucial role in the mechanical 159 behavior of materials. Increasingly realistic shape grains and the mechanical behavior of granular materials 160 are achieved by clustering particles (Kozicki et al. 2011 ). Therefore, a cluster composed of two spheres with 161 an angularity of 0.8D was used for the simulations. The numerical sample porosities and the selected micro-162 parameters retained are given in Table 1.  163  Table 2 
where β denotes the calibration factor, R f denotes the failure ratio constant, p denotes the peak friction angle, 182
G In the continuum approach, the increment void ratio is typically used to control the softening behavior on 185 the friction angle. The evolution of the shear band at the microscopic scale is reflected by the softening be-186 havior at the macroscopic scale that induces an increase in the void ratio along the shear band. In order to 187 capture this phenomenon, a simple linear relation with a linear softening modulus (h) (Marcher 2001 ) is 188 adopted in the cap yield model. The integration for the linear softening law is solved, and the friction softening 189 for the shear strains  ( ) at an effective confining pressure (p ′ ) in the CYsoil model is expressed as fol-190 lows:
After reaching the peak friction angle, the soil skeleton may dilate under high shear strains if the soil is 192 dense, and a dilation strain-hardening law is used in the cap yield model incorporating the Rowe dilatancy 193 theory. 194 selected (see Table 3 ). These curves exhibit similar trends to real typical granular materials tested at different 203 density states.
204
The results indicate a similar stress-strain behavior. However, the maximum positive volume changes in the 205 discrete model slightly exceed that of the continuum model (approximately 1%). The discrete technique de-206 scribes the shear dilatancy given the interlocking between particles, and the continuum technique imposes the 207
Rowe stress-dilatancy theory to capture the dilatancy phenomenon. Given the elongated particle shapes, the 208 increase in volume in the discrete model could exceed that in the continuum model. 209 Table 3 
PARAMETRIC STUDY AND RESULTS
213
The discrete approach and continuum model that uses the CY soil constitutive law provide a precise analysis 214 of the impact of geotechnical parameters. In the study, the variation in the embankment height, the soft soil 215 stiffness and the granular material porosity are considered to investigate the soil-arching mechanisms. In order 216
to compare the discrete and continuum models, the medium density material (M) was first considered with 217 embankment heights corresponding to 0.75 m, 1.5 m, 2.25 m, and 3 m and for different subsoil stiffness. The 218 comparison focuses on the evaluation of the efficacy change, stress distribution of the soft soil, and settlements 219 in the embankment. 220
The efficacy E is defined as the proportion of the embankment weight carried by the pile caps. It is expressed 221 as the proportion of the total embankment weight that is transferred to the pile caps as follows:
where P denotes the total force carried by the pile cap, s denotes the pile center spacing,  denotes the unit 223 weight of embankment materials, and hm denotes the embankment height. 224
The shearing ratio of the embankment is denoted as ds and is determined as the ratio between the maximum 225 vertical displacement of the granular embankment (ys max) and the embankment height as follows:
With respect to each numerical simulation, the weight of the granular material progressively increases until 227 the right granular mass is obtained to simulate a progressive subsoil settlement. At the end of the numerical 228 process, the efficacy and the maximal vertical displacement of the granular embankment are noted. 229
General trends obtained for different embankment heights and subsoil stiffness 230 Figure 9 . Efficacy versus subsoil stiffness for the material density M 231 Initially, comparisons between the two numerical models were performed by considering the efficacy rela-232 tive to the soft soil stiffness (Ks). Figure 9 shows typical curves of the efficacy relative to the subsoil stiffness 233 obtained for various heights of the embankment with FDM and DEM. With respect to each tested case, an 234 optimum value of the efficacy is determined as a function of the subsoil stiffness. With respect to high values 235 of the subsoil stiffness, the load resulting from the weight of the granular embankment is mainly supported by 236 the subsoil because the subsoil is sufficiently stiff to support the applied load. When the stiffness of the subsoil 237 decreases, the load transmitted to the piles increases until a maximal value is reached at which the piles begin 238 to punch the granular embankment. During the process, shear bands are formed and developed inside the 239 granular layer. After reaching the maximal value of the efficacy, the efficacy reduces significantly with de-240 creases in the subsoil stiffness. The reduction in efficacy results from the softening behavior of the granular 241 materials. Progressive failure occurs during the development of the shear bands inside the granular layer. The 242 stress mobilized in shear bands reduces owing to the degradation in the shear strength, and this reduces the 243 forces that are transferred to the piles. 244 
245
Similar trends are observed while investigating the efficacy relative to the shearing ratio (see Figure 10 ).
246
High values of subsoil stiffness decrease the efficacy and shearing ratio. For cases with low displacement, a 247 decrease in the subsoil stiffness increases the efficacy as well as the vertical displacements (and thereby the 248 shearing ratio). These trends are observed both for the FDM and DEM despite the disparity obtained between 249 the two numerical models. For cases with high displacement when the shearing ratio approximately exceeds 250 0.2 (corresponding to low values of the subsoil thickness), we observe ( Figure 10 ) that the granular material 251 can move freely (i.e., the influence of the pile cap boundary condition is absent), and thus the embankment 252 begins to slide in the DEM. At this stage, a significant reduction in the load transfer efficacy is observed in 253 the discrete model although only a slight reduction is observed in the continuum model. Consequently, given 254 a high displacement, the continuum model predicts lower stress distributions on the subsoil relative to the 255 DEM model and lower settlements for low subsoil stiffness. 256 
258
With respect to the reference case (hm=1.5 m and Eoed = 0.2 MPa), the efficacies of the load transfers equal 259 0.28 and 0.16 for the DEM and FDM, respectively. Therefore, the displacements of the subsoil and vertical 260 load acting on the supporting soil in FDM are lower than those of the DEM. To investigate the load transfer 261 within the granular embankment, the stress distribution on the pile is shown in Figure 11 . In DEM, the stress 262 is calculated by dividing the granular embankment forces acting on the elastic springs with the representative 263 areas of the springs. In FDM, the stress is directly extracted from the interface between the soft soil and 264 embankment layer. Generally, the stress observed in the discrete model gradually increases from the center of 265 the pile to the corner. Conversely, a high stress concentration is observed in the corner of the pile in the 266 continuum model albeit not in the discrete model. In the FDM, the displacement field is restricted by the 267 compatibility condition. Therefore, as opposed to sliding relatively as observed in the DEM, the FDM prevents 268 the embankment material from sliding at the corner of the pile. When the pile punches the granular soil, it 269 induces a high stress concentration. The initial analysis reveals that the corner of the pile cap represents the 270 singularity for the FDM. The singularity introduces a force concentration that is not observed with DEM. 271
Therefore, DEM allows a better force distribution owing to its discrete nature. Figure 12 illustrates the vertical 272 stresses of the embankment weight on the soft soil for the reference case (hm=1.5 m and Eoed = 0.2 MPa). As 273 shown in the figure, the stress on the soft soil is almost equally distributed at 20 kPa for the continuum model 274 and 18 kPa for the discrete model (a value of 23.25 kPa is obtained without piles). With the FDM model, it is 275 noted that a peak on the stress distribution near the piles occurs owing to similar mechanisms that can affect 276 the load distribution over the piles and potentially affect the efficacy value. 277 
278
With respect to the reference case, the higher value of stress distribution on the soft soil that is observed in 279 the continuum model also results in a settlement exceeding that the discrete model as shown in Figure 13 . In 280 the discrete model, the settlement is calculated from the displacement of the subsoil layers. Given the high 281 fluctuation in the subsoil's elevation, the settlement is considered as the average value of the subsoil layer 282 displacement. In the continuum model, the settlement is extracted from the interface between the soft layer 283 and embankment layer. The performed numerical simulations indicate that the stiffness of the interface has a 284 very low effect on the value and distribution of the stress as well as the settlement of the embankment layer. 291 Figure 14 illustrates the displacement field of the discrete model (a) and continuum model (b). A similar 292 displacement field is observed for these two models. A high vertical displacement is observed in the middle 293 of the two piles and above the soft soil layer. The displacements significantly reduce to zero near the top of 294 the pile. The propagation of the displacement field exhibits a punching failure mechanism in both cases. When 295 the pile begins to penetrate the granular layer, the efficacy of the material begins to reduce with increases in 296 the displacement. 297
Based on the equilibrium models, the load transfer mechanism within the granular embankments is observed 298 as a change in the orientation of the main stresses. In order to evaluate the changes in the load transfer mech-299 anisms, different cases are presented in Figure 15 and Figure 16 . The principal stresses within the granular 300 embankments between two piles are as follows: Case (a) involves an extremely soft soil (Ks=0.05 MPa) and 301 indicates a strong punching of the granular embankment by the pile; case (b) corresponds to the maximal 302 efficacy obtained in DEM (Ks=0.2 MPa), and case (c) corresponds to a relatively rigid subsoil (Ks=1 MPa). 303
With respect to the DEM, the stress tensor within a volume V of particles is calculated using Eq.(13) (We-304 ber, 1966) by considering the contact forces defined at all contact points included in volume V. Specifically, 305
Nc denotes the number of contact points in V, fi denotes the projection of the contact force f on the i-axis, and 306 lj denotes the projection of the branch vector on the j-axis with i = x, y, z and j = x, y, z. The branch vector 307 is defined by the vector linking the centers of the clumps in contact as follows: 
316
In the discrete model, the load transfer mechanism occurs for extremely low displacements of the subsoil 317 (Ks = 1 MPa) and reaches a maximum value of the subsoil stiffness (Ks = 0.2 MPa). In the case of extremely 318 soft soil, the punching mechanism induces an extremely high displacement of the subsoil, the sliding of the 319 granular material around the pile (for DEM), and a very disturbed load transfer mechanism (both for DEM 320 and FDM). An advantage of DEM involves detecting the aforementioned behavior in extremely high displace-321 ments. 322
In the example, the punching failure is noted in both the continuum and discrete models. However, the 323 discrepancy between discrete model and continuum model is observed when a relative sliding (large displace-324 ment) occurs between the granular material and stiff pile. The compatibility condition in the continuum mod-325 eling prevents the sliding, and thus a very high stress concentration is observed in the corner of the pile as the 326 displacement is prevented. Conversely, the discrete model allows the granular embankment to slide along the 327 pile shaft, and stress concentration in the corner of the pile is absent. This is the main difference that explains 328 part of the difference in the stress distribution and settlements on the soft soil. 329
Effect of the porosity state of materials 330 and FDM in terms of the loose material could be caused by porosity changes. In the discrete model, the gran-356 ular material is considered as porous media, and an evolution of the porosity is observed in the granular ma-357 terial to a denser state. This leads to a slight decrease in the efficacy when shearing. Conversely, for the con-358 tinuum model the considered constitutive model does not consider the porosity variation, and therefore no 359 evolution of porosity occurs. Therefore, a reduction in the efficacy does not occur. 360
Effect of embankment height and subsoil stiffness 361 362 Figure 20 . Maximum efficacy relative to the embankment height 363 Figure 20 shows that the maximum efficacy increases with the embankment height in the both discrete and 364 continuum models. It indicates that soil arching develops strongly in the embankment fill with the embank-365 ment height. In the study, the influence of the subsoil stiffness (subgrade reaction) is investigated in the range 366 from 0.05 to 1 MPa for different types of embankment materials. Figure 21 and Figure 22 depict the results 367 of the effect of the subsoil stiffness for the low embankment (ℎ = 0.75 m) and high embankment (ℎ = 2.25 368 m), respectively. Evidently, the denser materials exhibit higher efficacy. This again confirms that the shearing 369 behavior plays a critical role in the soil-arching mechanism. Denser materials exhibit a higher shearing re-370 sistance as observed in the triaxial test, and this induces higher efficacy in the piled embankment systems. 371
With respect to the low embankment, the efficacy of the discrete model exceeds that of the continuum model 372 in which no soil arching occurs in the loose material (L). This indicates the complexity in reproducing the load 373 transfer mechanisms with the continuum model for low embankment thicknesses. In contrast to the low em-374 bankment, the discrete and continuum models of the high embankment exhibit a similar prediction of efficacy, 375 especially for dense materials. 376 377 Figure 23 and Figure 24 show a correlation between the soft soil stiffness and shearing ratio for the contin-382 uum and discrete models for different embankment heights for the dense material D and loose material L, 383 respectively. A similar trend is observed for the rate of the shearing ratio with soft soil stiffness for all the 384 cases. For each studied case, a high soft soil stiffness induces low displacements in the soft soil and conse-385 quently low load transfer to the piles. 386
As previously mentioned, a full-arch effect is obtained prior to the punching of the embankment by the 387 piles. In the high displacement domains (for shearing ratio > 0.1 and soft soil stiffness Ks < 0.1 MPa), the 388 embankment begins to fail at an excessive shearing rate. It is noted that in the domain corresponding to 0.1 389 MPa < Ks < 0.2 MPa, the shearing rate changes significantly and independently with respect to the embank-390 ment height and to the porosity state of materials. In the large displacement domain, the efficacy of the em-391 bankment begins to decrease as shown in Figure 10 , Figure 18 , and Figure 19 . Therefore, the high reduction 392 in the efficacy is related to the changes in the shearing mode mechanism in the embankment layer. 393
Deduced mechanisms 394 
395
The results indicate that the load transfer mechanisms significantly depend on the height of the embank-396 ment. With respect to high values of the embankment thickness, a fully arching mechanism can develop within 397 the granular layer until the subsoil layer can support a reasonable part of the overload. With respect to a very 398 low subsoil stiffness, the arching mechanism is strongly disturbed leading to very high vertical settlements 399 and this is generally not in accordance with the reliability of the structure. A comparison of the two numerical 400 models suggests that similar values of the efficacy are obtained for high values of granular layer thickness and 401 subsoil stiffness. 402
Conversely, for low granular layer thicknesses, high vertical displacements and failures occur with respect 403 to punching when the subsoil thickness is sufficiently low. The punching failure mechanism anism (Carlsson, 1987) ) corresponds to a low embankment height in which the shear plane is mobilized from 405 the corner of the pile cap to the upper surface of the embankment. 
where h * denotes the height of the granular layer for the areas over the pile joint in the granular mass. The 411 efficacy is calculated since the shearing angle is known. Chevalier (Chevalier et al., 2010) indicated that the 412 angle  ranges from the critical state friction angle  cs to the peak friction angle  p for granular materials. 413 
415
In the study, the peak friction angle corresponds to the maximum shearing resistance of the materials. At 416 this stage, the maximum efficacy is reached as described in the previous section. Therefore, the shearing angle 417  can be considered as the peak friction angle at the same time when the piled embankment obtained the 418 maximum efficacy. 419 Table 4 and Figure 26 compare the efficacy of predictions between the both discrete and continuum numerical 420 models and the analytical models in ASIRI with  = R f .  p only for the embankment height h m = 0.75 m and 421 1.5 m (ℎ < ℎ * ) and three different materials (i.e., loose L, medium M, and dense D). The Rf considers the 422 rate of mobilization of the friction as a function of the shearing rate. The analytical solutions are based on the 423 punching failure mechanisms in the ASIRI recommendation ( Table 4 ) and indicate that a good agreement 424 exists with the discrete model for the low embankment with respect to the studied cases. With the exception 425 of extremely low values of the embankment thickness, the results of the continuum numerical models for the
